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Measurement of quantum systems inevitably involves disturbance in various forms. Within
the limits imposed by quantum mechanics, however, one can design an “ideal” projective
measurement that does not introduce a back action on the measured observable, known as a
quantum nondemolition (QND) measurement1, 2. Here we demonstrate an all-electrical QND
measurement of a single electron spin in a gate-defined quantum dot via an exchange-coupled
ancilla qubit3, 4. The ancilla qubit, encoded in the singlet-triplet two-electron subspace, is
entangled with the single spin and subsequently read out in a single shot projective measure-
ment at a rate two orders of magnitude faster than the spin relaxation. The QND nature of
the measurement protocol5, 6 is evidenced by observing a monotonic increase of the readout
fidelity over one hundred repetitive measurements against arbitrary input states. We extract
information from the measurement record using the method of optimal inference, which is
tolerant to the presence of the relaxation and dephasing. The QND measurement allows us
to observe spontaneous spin flips (quantum jumps)7 in an isolated system with small dis-
turbance. Combined with the high-fidelity control of spin qubits8–14, these results pave the
way for various measurement-based quantum state manipulations including quantum error
correction protocols15, 16.
Spin-based qubits in semiconductor quantum dots proposed by Loss and DiVincenzo17 are a
promising platform for universal quantum computing due to high-fidelity control of their coherent
states8–14 and the industry-compatible scalable architecture. One of the current bottlenecks for the
single-electron spin qubit is the fidelity and the speed of its initialization and measurement. These
limitations are posed by the inherent destructiveness of the currently used single-shot measurement
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method18. A QND measurement offers unique possibilities to overcome the limitations such as
repetitive readout6 and feedback-controlled initialization19. The QND measurement has remained
elusive for electron spins in contrast to other solid-state systems such as superconducting qubits5,
or nuclear spins in diamond color centers20, 21 and in silicon donors22. While particular types of
the photonic readouts of electron spins7, 23, 24 can be, in principle, QND, their QND nature has not
been demonstrated so far. Moreover, the QND measurement via an ancillary qubit is crucial16 for
realizing measurement-based quantum algorithms including quantum error correction codes.
Here, we demonstrate the QND measurement of a single electron spin (LD qubit) via a
readout ancilla based on a singlet-triplet qubit (ST qubit)25 in a GaAs/AlGaAs triple quantum
dot (TQD) device (Fig. 1a). The two states of the electron spin split by the Zeeman energy EZ,
|σ〉 = |↑〉 or |↓〉, serve as a natural basis of the LD qubit, while the ancilla ST qubit is encoded in
a two-spin subspace of |↑↓〉 and |↓↑〉 split by the Zeeman field gradient ∆EZ between the center
and the right dots (see Methods for the device design and setup). This system allows us to extract
the information on the single spin state by rapidly measuring the ancilla state26 after entangling
the two by a controlled-Z rotation3, 4(Fig. 1b). The QND nature of the protocol16 is demonstrated
by a monotonic increase of the readout fidelity in repeated ancilla measurements. We observe
quantum jumps of the single spin dominated by spontaneous relaxation and thermal excitation,
further demonstrating very small measurement-induced disturbance.
The experiment is performed by repeating the sequence shown in Fig. 1c. Each sequence
begins with the preparation of the single spin, followed by the QND readout cycles indexed by
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k, and finishes with a destructive readout. In the preparation step, the single spin is initialized to
|↑〉 by the energy-selective tunneling18 and coherently driven by the micromagnet electron spin
resonance (MM-ESR)27, 28. The microwave burst duration τmw is chosen to adjust the expectation
value 〈σˆz(t = 0; τmw)〉 of the observable σˆz for the z spin component. Its eigenvalue σz = +1
(−1) corresponds to the |σ〉 = |↑〉 ground state (|↓〉 excited state). The k-th QND readout ‘cycle’
is performed at time t = tk to infer σz(tk), the value of σˆz. The ancilla is initialized to the singlet
state |S〉 (an eigenstate of σˆSTx ) followed by a controlled-Z rotation4 with a spin-dependent angle
proportional to the interaction time τk. The ancilla is then projectively measured in the singlet-
triplet basis, resulting in the outcome Mk ∈ {S, T}. This process correlates σz(tk) and Mk,
allowing us to infer σz(tk) to be mk as described below. [mk = ±1 is called an estimator for the
unknown value of σz(tk).] The QND readout cycle is consecutively repeated for k = 1, 2, · · · , 100,
varying τk as τk = k×0.83 ns. A hundred consecutive cycles, each of which takes 7µs to perform,
constitutes a ‘record’. Finally, the sequence is finished by a destructive measurement of the single
spin18, with an outcome denoted by σz(t = 700µs; τmw) = mL. The whole sequence is run 50
times with τmw varied from 10 ns to 500 ns. The block of these 50 sequences is then repeated 800
times.
In each QND measurement, we assign the spin σz(tk) to be mk (= ±1) if the condi-
tional probabilities P (σz|Mk) for a given ancilla measurement outcome Mk satisfy P (mk|Mk) >
P (−mk|Mk). This inequality is calculated using the Bayes’ theorem as P (mk|Mk)P (−mk|Mk) =
P (Mk|mk)
P (Mk|−mk)
where P (Mk|σz) is the likelihood of finding an ancilla outcome Mk for a given eigenvalue of the
4
input σz. From an a priori characterization of the controlled-Z rotation4, P (Mk|σz) is found as
P (Mk = S|σz) = 1− P (Mk = T|σz) = a cos(φσ + φA) exp[−(τk/T ∗2 )2] + b, (1)
where φσ = − J2~(τk + τ0)σz is the phase conditioned on σz, through which the single spin and
the ancilla qubit are entangled. Here, J is the inter-qubit exchange coupling and τ0 is the effective
switching time of J . The unconditional part φA(τk) represents the phase of a non-interacting an-
cilla qubit and T ∗2 is the dephasing time of the ancilla within a single record
29. Imperfections of the
protocol such as the state preparation and measurement errors of the ancilla qubit, tilt of the qubit
rotation axis during the controlled-Z rotation, and leakage to non-qubit states are parameterized to-
gether by a and b. The values of all these parameters except φA are determined from the measured
data by maximum-likelihood estimation prior to the QND measurement (see Methods for details).
The value of φA in Eq. (1), which drifts randomly due to magnetic and charge noises throughout
the experiment, is continuously monitored by the Bayesian inference and updated before every ex-
ecution of the sequence4, 29. Figure 2a shows the estimator 〈mk〉 taken at k = 5 and the destructive
readout result
〈
mL
〉
as functions of the microwave burst time τmw, ensemble-averaged over the
blocks. Both measurement outcomes exhibit clear Rabi oscillations of the single spin. The QND
readout estimators 〈mk〉 taken at different cycles are plotted in Fig. 2b, showing that the visibility
of the oscillations varies with k because the degree of the entanglement changes with τk.
An essential figure of merit in the QND readout is the fidelity, which is the probability of
obtaining a correct estimator mk when a qubit with a known eigenvalue of σz(tk) is given at the
time of measurement tk. Evaluation of the fidelity in this strict sense is, however, often impractical
because it apparently demands a perfect preparation of the input state. We separate the state prepa-
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ration error by analyzing the joint probabilities of the QND and destructive readouts for the same
input states (see Methods for the detailed procedure). Figure 2c shows the extracted QND and
destructive readout fidelities as well as the state preparation error parameterized by the amplitude
A(tk) and offset B(tk) of the actual Rabi oscillation of 〈σz(tk; τmw)〉. The QND readout fidelities
〈f↑,k〉 and 〈f↓,k〉 for up and down spin states show damped oscillations reflecting the accumulation
of the controlled phase during the interaction; they reach maxima (minima) when φC = φ↓ − φ↑
is an odd (even) multiple of pi. Those extracted fidelity values agree very well with the numerical
simulation (see Methods) plotted as the solid curves. The spin relaxation times extracted from the
exponential decays of A(tk) and B(tk) suggest that the possible disturbance due to the readout
protocol is small as discussed later in detail. This is a key feature of the QND measurement that
allows one to repeat the measurement of an observable to enhance the readout fidelity.
To demonstrate this potential, we use a set of measurement outcomes {Mk} obtained from
n consecutive QND readout cycles to calculate a single cumulative estimator, qn. The probability
of the spin being initially in a state with σz(0; τmw) = σ0 is given by P (σ0|{Mk}) ∝ P ({Mk}|σ0)
with
P ({Mk}|σ0) =
∑
{σk}
[
n∏
i=1
P (Mi|σi)P (σi|σi−1)
]
(2)
where σk = σz(tk; τmw) and the sum is taken over all possible realizations of the spin trajecto-
ries {σk}. This is the optimal estimation exploiting all the available information30. Since the
spin lifetimes exceed the total measurement time tn, trajectories involving multiple spin flips are
rarely realized and therefore neglected in the analysis below. Using the state transfer probability
P (σi|σi−1) calculated from the rate equation (see Eq. (3) in Methods), we obtain an estimator qn
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again by imposing P (qn|{Mk}) > P (−qn|{Mk}). Figure 3a shows the visibility improvement of
the Rabi oscillations with increasing n. The extracted visibility is plotted in Fig. 3b as a function
of n together with the numerical simulation of the averaged fidelity 〈F↑,n + F↓,n〉 /2 shown by the
orange curve (see Methods for the fidelity derivation). We find monotonic increase of the fidelity
up to 0.89 with n = 100. We do not see noticeable increase of the fidelity at n & 60, with its
upper bound mainly imposed by the spin relaxation. Indeed, one can no longer gain information
from the readout outcomes at times when the spin becomes decorrelated with its initial state (see
Supplementary Material for the explicit evaluation of the correlation).
One would expect the best cumulative readout fidelity Fσ,n by repeating the readout cycles
with τk fixed at an optimal value such that the single readout fidelity 〈fσ,k〉 is maximal. However,
this would lead to the fluctuation of Fσ,n as plotted in the left inset of Fig. 3b. The reason is that the
total phase of the ancilla qubit fluctuates record-by-record with the drift of φA, so that one cannot
distinguish the spin state when P (Mk|σz = +1) ≈ P (Mk|σz = −1). The fidelity Fσ,n can be
made robust against the drift of φA by sampling {Mk} with varied values of τk in a set of readout
cycles as shown in Fig. 3b. On the other hand, the repetitive measurement with an optimal τk would
be feasible in materials with less magnetic noise such as silicon. Since the spin relaxation time also
tends to be longer in those materials, the QND readout fidelity will be boosted significantly. The
purple curve in Fig. 3b shows the fidelity estimated for a natural silicon quantum dot10, 13 with
T ∗2 = 1.84µs and T↑ = 22 ms (T↓ = 35 ms assuming the same ratio of relaxation times for the
ground and excited spin states), suggesting that the fidelity reaches 99.5 % at n = 52. With a better
readout visibility of 98 % reported for the ST qubit31, it even reaches 99.96 % at n = 5 well beyond
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the fault-tolerant threshold32 as shown by the green curve.
Finally, we demonstrate that we can follow the dynamics of an isolated electron spin in a
quantum dot7. Figure 4 shows spontaneous spin-flip events continuously monitored by cumulative
estimators for n = 100. Here the TQD gate conditions are adjusted to make a stronger confine-
ment potential for the single spin and to suppress possible electron exchange with the reservoir.
The statistics of the dwell times, acquired during the total acquisition time of 1000 s, show relax-
ation times T↑ = 6.42 ms and T↓ = 1.57 ms for up and down spin states. Those values give an
upper bound of the measurement-induced spin-flip rate of 0.3 % per cycle (or 27 % per record),
which could be caused by, e.g., the state leakage or the spin-electric coupling to the measurement
pulse. Those disturbances would, however, perturb the spin states randomly leading to an expecta-
tion T↑ ≈ T↓. Since we do not observe such relation, we conclude that the excited-state lifetime T↓
is most probably dominated by the spin-environment coupling rather than the direct measurement
disturbance. Indeed, the T↓ value is in line with the theoretical prediction27 taking into account the
large slanting Zeeman field of > 0.6 T/µm due to the micromagnet, although shorter than those
reported for devices without micromagnets33, 34. Regarding the spin as a two-level system weakly
coupled to a bath in thermal equilibrium with T↓/T↑ = exp(−EZ/kTB), we find the bath temper-
ature TB ≈ 0.5 K significantly higher than the electron temperature Te ≈ 120 mK measured by
Coulomb blockade. This level of heating is reasonable because we observe that the electron tem-
perature increases as the repetition frequency of the pulse for the QND protocol is increased. Heat-
ing could be reduced by either reducing the frequency or by increasing the dot-to-gate capacitive
coupling so that the pulse amplitude can be decreased. Irrespective of these further precautions,
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the value of T↓ is almost unaffected by the protocol, evidencing the QND-ness of our measure-
ment: the evolution of the measured observable is perturbed negligibly by the back action of the
measurement or by undesired interactions2, 16.
To summarize, we have implemented quantum nondemolition measurement of a single-
electron spin qubit via an ancillary singlet-triplet qubit in an array of GaAs gated quantum dots.
The fast and non-invasive readout of the single electron spin demonstrated here brings measurement-
based quantum information processing protocols within experimental reach, opening a promising
route towards quantum error correction. We conclude that the application of this technique to sili-
con spin qubits will enable qubit readout with high fidelity, well beyond the fault-tolerant threshold.
Methods
Device design and setup
The TQD is fabricated on an epitaxially-grown GaAs/AlGaAs heterostructure wafer with a two-
dimensional electron gas 100 nm below the surface. The Ti/Au gate electrodes deposited on top
of the wafer are negatively biased to confine single electrons in each of the TQD and to define the
charge sensing quantum dot. The Co micromagnet is directly placed on the surface and magnetized
by the in-plane magnetic field of Bext = 3.155 T. It is designed to provide the local Zeeman field
difference of about 60 mT (40 mT) between the left and center (the center and right) dots as well
as the slanting magnetic field necessary for the selective MM-ESR. At the same time, the Zeeman
field difference leads to the |↑↓〉 and |↓↑〉 eigenstates of the ST qubit which are split from the spin-
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polarized triplet states by Bext. The experiment was conducted in a dilution refrigerator and the
electron temperature was measured to be about 120 mK.
The initialization, manipulation and destructive readout of the single spin are performed
within the (NL, NC, NR) = (1, 0, 2) charge configuration, where NL (NC, NR) is the number of
electrons in the left (center, right) quantum dot. The spin is initialized to the up-spin ground state
by exchanging electrons with the reservoir, manipulated by the MM-ESR, and read out by the
energy-selective tunneling to the reservoir. The ST qubit is also initialized to the doubly-occupied
singlet state by exchanging electrons with the reservoir near the boundary between (1, 0, 2) and
(1, 0, 1). Then the singlet is brought to (1, 1, 1) from (1, 0, 2) by the rapid adiabatic passage35
and the exchange coupling to the single-spin qubit is turned on near the (1, 1, 1)-(2, 0, 1) charge
transition. The ST qubit is read out by bringing the system back to the (1, 0, 2) region and detecting
whether the double occupancy of the right dot is realized or not. If the measured charge state is
(1, 0, 2) we find the final state to be Mk = S while the final state is found to be Mk = T if
the system remains in the (1, 1, 1) charge state. More details of the device characterization and
measurement schemes are given in Ref. 4.
Probability of finding singlet outcomes
The probability of finding a singlet outcome Mk = S conditioned on the single-spin (LD qubit)
state is ideally given by4 P (Mk = S|σz) = 〈σS|(ZLD(−φLD + φ↓)⊗ ZST(−φA − φ↑))CZ(−φC)|σS〉,
where ZLD and ZST are the phase gates for the LD and ST qubits and CZ(ϕ) is the controlled-
Z gate with an arbitrary rotation with phase ϕ. Here the LD qubit phase is given by φLD =
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EZ(τk + τR)/~ with τR = 24 ns the total ramp time of the voltage step used when turning on
the exchange interaction J . Imperfections of the measurement and dephasing lead to the expres-
sion in Eq. (1). It comprises a number of parameters unchanged during the experiment and a few
parameters varying with time. The latter includes the LD qubit state σz, the Zeeman energy of
the ST qubit ∆EZ drifting with the nuclear spin diffusion or the charge noise, and the initial ST
qubit phase φ which accumulates during the loading process from a doubly-occupied singlet in the
right-most quantum dot. Here ∆EZ and φ contribute to φA via φA = ∆EZ~ (τk + τR) + φ. Without
requiring knowledge of the trajectories of those varying parameters in the data set, the values of the
unchanged parameters are determined from maximum-likelihood estimators by marginalizing out
σz, ∆EZ and φ. In this way, we find J = 90.4± 0.3 MHz, τ0 = 1.54± 0.17 ns, a = 0.218± 0.005
and b = 0.511 ± 0.003. We also find that the value of T ∗2 is dependent on the spin state such that
T ∗2↑ = 177± 29 ns for σz = +1 and T ∗2↓ = 212± 57 ns for σz = −1 (see Supplementary Material
for the origin of the difference). Once the values of the constant parameters are specified, the drift
of ∆EZ and φ is continuously monitored by the Bayesian inference, and then P (Mk|σz) in Eq. (1)
is updated from every record preceding each readout sequence. Reference 4 contains more details
of this procedure.
For the data in Fig. 4, where the gate bias condition is slightly changed, the parameter values
are re-estimated to be J = 84.3 ± 0.1 MHz, τ0 = 1.14 ± 0.06 ns, a = 0.2180 ± 0.0015 and
b = 0.5009± 0.0014 (T ∗2↑ and T ∗2↓ are assumed to be unchanged).
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Evolution of the single electron spin
In the experimental sequence shown in Fig. 1c, the LD qubit state is initially prepared by the
microwave burst of duration τmw and then freely evolves with t. The spin-up probability of the LD
qubit is then written as p↑(t; τmw) = (1+〈σz(t; τmw)〉)/2 = A(t)e−(τmw/TRabi2 )2 cos(2pifRabiτmw+ϕ)+
B(t), where the amplitude A(t) and the offset B(t) of the Rabi oscillation decay due to the spin
relaxation. From fits such as those in Fig. 2a, we find the Rabi frequency fRabi = 5.46±0.04 MHz,
ϕ = 0.264± 0.056 and the decay time T Rabi2 = 526± 42 ns.
We assume that the evolution of p↑(t; τmw) follows the rate equation
dp↑(t; τmw)
dt
= − 1
T↑
p↑(t; τmw) +
1
T↓
(1− p↑(t; τmw)), (3)
where T↑(↓) is the lifetime of the up (down) spin state. This leads to the exponential decay of
A(t) and B(t) such that A(t) = A(0)e−t/T1 and B(t) = [B(0) − T1/T↓]e−t/T1 + T1/T↓ with
T−11 = T
−1
↑ + T
−1
↓ . We can thus derive the values of T↑, T↓, A(0) = 0.298 ± 0.004 and B(0) =
0.616± 0.041 from the fitting to the data on A(tk) and B(tk).
Equation (3) also gives the qubit state transfer probability P (σi|σi−1) used in Eq. (2) which
describes the probability of flipping the spin state from σi−1 to σi between each measurement cycle.
Namely, we obtain P (+1| + 1) = e−∆t/T↑ , P (−1| − 1) = e−∆t/T↓ , P (−1| + 1) = 1 − e−∆t/T↑
and P (+1| − 1) = 1 − e−∆t/T↓ with ∆t = 7µs. Note that we define the initial qubit state to be
σ0 = σ1, i.e., P (σ1|σ0) = δσ1σ0 .
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Extraction of readout fidelities from joint probabilities
We introduce fidelities fσ,k and fLσ,k to denote the probabilities of measuring the spin state prepared
in the k-th cycle σz(tk) correctly by the k-th QND readout and the final destructive readout, re-
spectively (see Extended Data Fig. 1). Here both fσ,k and fLσ,k depend on index k, because fσ,k is
a function of the interaction time τk, while fLσ,k is influenced by the spin relaxation taking place
during the time interval of (101− k)× 7µs before the destructive readout (see Fig. 1c). The joint
probabilities Pmk∩mL of finding an estimator mk in the k-th QND readout and an outcome m
L in
the destructive readout are given by
P+1∩+1(tk) = f↑,kfL↑,kp↑(tk) + (1− f↓,k)(1− fL↓,k)(1− p↑(tk)),
P+1∩−1(tk) = f↑,k(1− fL↑,k)p↑(tk) + (1− f↓,k)fL↓,k(1− p↑(tk)),
P−1∩+1(tk) = (1− f↑,k)fL↑,kp↑(tk) + f↓,k(1− fL↓,k)(1− p↑(tk)),
P−1∩−1(tk) = (1− f↑,k)(1− fL↑,k)p↑(tk) + f↓,kfL↓,k(1− p↑(tk)).
Note that we use the fact that the QND readout and the destructive readout are perfomed on
the same input state in each single-shot sequence. For each k, we find Rabi oscillations of
Pmk∩mL(tk; τmw) as shown in Extended Data Fig. 1. The correlation of the two readout schemes
is clearly seen in the large oscillation amplitudes in the joint probabilities for mk = mL while the
anti-correlated signals (mk 6= mL) show only small residual oscillations due to readout errors. By
fitting those oscillations, we obtain an overconstrained set of eight equations on fσ,k, fLσ,k, A(tk),
and B(tk). We derive the most likely values by the least mean squares method for each k as shown
in Fig. 2c.
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Theoretical model of readout fidelities
When we perform a QND measurement and find an outcome Mk from the ancilla readout in the
k-th cycle, we find a correct estimator mk for σz(tk) only if P (σz|Mk) − P (−σz|Mk) > 0. The
success probability fσ,k is given by summing H(P (σz|Mk)−P (−σz|Mk)) [H(x) is the Heaviside
step function] over all possible ancilla readout outcomes Mk realized with probability P ′(Mk|σz),
fσ,k =
∑
Mk
P ′(Mk|σz)H(P (σz|Mk)− P (−σz|Mk)). (4)
Here, P ′(Mk|σz) is approximated by P (Mk|σz) given by Eq. (1), although P ′(Mk|σz) may dif-
fer from P (Mk|σz) due to the drifts of ∆EZ and φ between each cycle indexed by k. [Note that
P (Mk|σz) is updated between each record but unchanged between each cycle.] Since the projec-
tion angle of the ST qubit against the readout basis changes with φA, the values of fσ,k vary over
time. Averaging fσ,k over fluctuating φA gives the solid curves of 〈fσ,k〉 in Fig. 2c, which agrees
well with the data.
The fidelity of the cumulative readout using nmeasurement outcomes is similarly calculated.
Equation (4) is generalized to
Fσ,n =
∑
{Mk}
P ′({Mk}|σ0)H(P (σ0|{Mk})− P (−σ0|{Mk})). (5)
Here, P ′({Mk}|σ0) is similar to P ({Mk}|σ0) in Eq. (2), but additionally taking into account the
drifts of ∆EZ and φ between each cycle indexed by k. Thus, rewriting the likelihood in Eq. (1) as
P∆EZ,φ(Mk|σz), P ′({Mk}|σ0) is given by
P ′({Mk}|σ0) =
∑
{σk,∆EZ,k,φk}
[
n∏
i=1
P∆EZ,i,φi(Mi|σi)P (σi|σi−1)P (∆EZ,i|∆EZ,i−1)P (φi|φi−1)
]
.
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We model the drifts by the Gaussian random walks as P (∆EZ,i|∆EZ,i−1) ∝ exp
[
− (∆EZ,i−∆EZ,i−1)2
2σ2f
]
and P (φi|φi−1) ∝ exp
[
− (φi−φi−1)2
2σ2φ
]
(see Supplementary Material for the values of σf and σφ).
The values of Fσ,n plotted in Fig. 3b are calculated by simulating 10, 000 numerically generated
random sets of outcomes {Mk}, each corresponding to a random trajectory of σk following Eq. (3),
∆EZ,k and φk following the Gaussian random walks.
Observation of quantum jumps
For the data in Fig. 4, each cumulative estimator rα is obtained imposing P (rα|{Mk}) > P (−rα|{Mk})
for the α-th record of n = 100 cycles. Using the Bayes theorem, P (σα|{Mk}) is given by
P (σα|{Mk}) = P ({Mk}|σα)P (σα)/P ({Mk}). When one has no prior knowledge of σα [P (σα =
+1) = P (σα = −1) = 1/2], the readout fidelity expected in our experiment remains below 0.9 as
discussed in the main text. This imperfect fidelity leads to observation of fake quantum jumps and
we find T↑ and T↓ values somewhat smaller than those presented in Fig. 4b,c.
To suppress the readout errors, we use the prior probability distribution P (σα) = P (σα|σα−1)P (σα−1),
where P (σα|σα−1) is the state transfer probability between records and P (σα−1) is the probability
distribution obtained in the previous record. Here P (σα|σα−1) is given by P (+1|+ 1) = e−n∆t/T↑ ,
P (−1|−1) = e−n∆t/T↓ , P (−1|+1) = 1−e−n∆t/T↑ and P (+1|−1) = 1−e−n∆t/T↓ with ∆t = 5µs.
We initially use the values of T↑ and T↓ extracted in the above, calculate the spin trajectory, and
re-extract the values of T↑ and T↓. After repeating this procedure a few times, we find the values
of T↑ and T↓ converge and obtain the result shown in Fig. 4. We tested this procedure in numerical
simulations and confirmed that it gives a reliable estimate of T↑ and T↓.
15
Data availability
The data that support the findings of this study are available from the corresponding authors upon
reasonable request.
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Figure 1 QND readout of a single electron spin via an ancilla ST qubit. a, Schematic
of the triple quantum dot device made of a single electron spin (LD qubit) and an an-
cilla (ST qubit) coupled by the exchange interaction J (upper panel) and false-colored
scanning electron micrograph image of the TQD device (lower panel). The cobalt mi-
cromagnet deposited on the wafer surface is magnetized by an in-plane magnetic field
Bext = 3.155 T to induce the Zeeman field gradient ∆EZ and the slanting field for the MM-
ESR. The TQD charge configuration is probed by a proximal quantum dot charge sensor
using radio-frequency reflectometry36,37. b, Schematic of the QND measurement protocol
(left panel) and singlet-triplet precession of the ancilla showing the spin-dependent phase
(right panel). The electron spin (red) is entangled with the ancilla (blue) by a controlled-Z
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rotation and then the ancilla is projected onto either singlet (S) or triplet (T) state. Here
we illustrate a case where the total phase of the ancilla is φ↑ + φA = 0 for an up-spin state
and φ↓ + φA = pi for a down-spin state (the controlled phase is φC = φ↓ − φ↑ = pi). The
right panel shows the oscillations of the singlet probability for the ancilla measured with
the up- and down-spin input states. c, Experimental sequence for repeated QND mea-
surement and a subsequent destructive readout of the electron spin. After preparing an
input spin state σz(0) by the MM-ESR, QND readout cycles with varied interaction time τk
are repeated for 100 times, each of which takes 7µs. Finally, the LD qubit state is read
out by energy-selective tunneling18.
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Figure 2 Demonstration of QND measurement and fidelity analysis. a, Averaged
QND readout estimators 〈mk〉 (taken at k = 5, τk = 4.2 ns as an example, where φC is
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close to pi) and destructive readout outcomes
〈
mL
〉
, plotted against the microwave burst
time τmw for the MM-ESR. b, Averaged QND readout estimators versus the burst time
τmw and the cycle index k. Both the interaction time τk = k × 0.83 ns (left axis) and the
laboratory time tk = (k − 1) × 7µs (right axis) are specified by k. The horizontal black
dashed line indicates k = 5 shown in a. c, Averaged readout fidelities 〈fσ,k〉 for the spin
states in σz(tk) = ±1 (purple and orange circles), extracted from the analysis of the joint
probabilities described in Methods. Error bars represent standard errors obtained from the
least mean squares method. The solid curves show numerically simulated fidelities, with
their envelopes decaying with different dephasing times (T ∗2↑ = 177 ns and T
∗
2↓ = 212 ns,
see Methods) of the ancilla qubit for σz = +1 and −1. The inset shows the amplitude
A(tk) (left axis) and offset B(tk) (right axis) of the actual qubit oscillation, decaying with
time tk. The solid curves are the fits with the exponential damping, allowing us to extract
the spin relaxation times T↑ = 2.46± 0.10 ms and T↓ = 1.53± 0.07 ms for |↑〉 and |↓〉 initial
states, respectively (see Methods).
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Figure 3 Fidelity boost in repetitive QND readouts. a, Visibility enhancement of
single-spin Rabi oscillations with repeated QND readouts. The upper panel shows the
sequence for preparing an input state and obtaining an estimator qn for σz(0; τmw) from
the QND readout cycles repeated for n times with varied interaction time τk. The visibility
of the Rabi oscillation increases and approaches the actual expectation value 〈σz(0; τmw)〉
as the readout fidelity is increased with n (lower panel). b, Normalized visibility of the
Rabi oscillations in a (blue circles, left axis) plotted against the number of consecutive
measurements n. The normalized visibility is defined as Vn = An/A(0), where An is the
amplitude of the measured Rabi oscillation in a and A(0) = 0.298 is the amplitude of the
actual qubit oscillation at t → 0 found in Fig. 2c. This normalized visibility relates to the
averaged fidelity as 〈F↑,n + F↓,n〉 /2 = (Vn + 1)/2 shown on the right axis. The orange
curve represents the simulated fidelity, with the orange shaded region showing the vari-
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ation of the simulated fidelity (bounded by its minima and maxima) due to the drift of φA.
The purple and green curves show the fidelities simulated for silicon quantum dots with
parameters given in the main text. The left inset shows the variations of the fidelities with
a fixed interaction time of τk = 3.88 ns (grey) and with varied τk (orange), simulated for 200
trials with random samples of φA. The right inset shows the error rate 1 − 〈F↑,n + F↓,n〉 /2
in each case. The readout error of the green curve slightly increases with n > 8, which
is an artifact of the approximation neglecting multiple spin flips in the spin trajectories in
Eq. (2).
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Figure 4 Quantum jumps of a single electron spin in a quantum dot. a, Realtime
dynamics of an electron spin probed by continuous QND readout. The experiment is done
by skipping the preparation and the destructive readout of the single spin in the sequence
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shown in Fig. 1c and using a QND readout cycle time of 5µs. The gate conditions are
slightly changed from those used in Figs. 2 and 3 so that the spin is confined more strongly
and the ancilla qubit can be initialized more rapidly. The spin-down probability P (σz =
−1|{Mk}) is obtained from n = 100 readout cycles (see Methods) and plotted in orange.
The spin trajectory shown by a purple curve is obtained from cumulative estimators rα
by imposing P (rα|{Mk}) > P (−rα|{Mk}) = 1− P (rα|{Mk}). b,c, Histograms of the dwell
times in up (b) and down (c) spin states. The solid lines are fits to the data with exponential
decay with relaxation times T↑,↓.
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Destructive QND
Extended Data Figure 1 Correlation of measurement outcomes in two different
schemes. The upper panel shows the probability flow for a given spin state σz(tk; τmw) in
each single-shot measurement sequence. When the up-spin (down-spin) state σz(tk; τmw) =
+1 (−1) is given at time tk, it results in the QND readout estimatormk = +1 (−1) with prob-
ability f↑,k (f↓,k) and the destructive readout outcome mL = +1 (−1) with probability fL↑,k
(fL↓,k). The lower panel shows the probabilities of finding joint outcomes for mk and m
L, ex-
tracted from the same data set as the one used in Fig. 2a (k = 5). The offset of P+1∩−1(tk)
is, for example, given by {f↑,k(1− fL↑,k)− (1− fL↓,k)fL↓,k}B(tk) + (1− f↓,k)fL↓,k.
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